We use the Holevo information in a two-dimensional conformal field theory (CFT) of large central charge c to distinguish microstates from the underlying thermal state. Holographically the CFT microstates of a thermal state are dual to black hole microstate geometries in AdS3 space. It was found recently that the holographic Holevo information shows plateau behaviors at both short and long interval regions. This indicates that the black hole microstates are indistinguishable from thermal state by measuring over a small region, but perfectly distinguishable over a region with its size comparable to the whole system. In this paper, we demonstrate that the plateaus are lifted by including the 1/c corrections from both the vacuum and non-vacuum conformal families of CFT in either canonical ensemble or microcanonical ensemble thermal state. Our results imply that the aforementioned indistinguishability and distinguishability of black hole microstate geometries from underlying black hole are spoiled by higher order Newton constant GN corrections of quantum gravity.
INTRODUCTION
The black hole information paradox lies on the fact that a pure state seems evolving into a thermal state through Hawking radiation, and thus it violates unitarity of quantum mechanics. This paradox can be partially resolved if there exists black hole microstates, which are pure states, cannot be distinguished from the underlying thermal state. This resolution however calls for a complete theory of quantum gravity which is beyond the reach at this moment. However, with the help of the antide Sitter/conformal field theory (AdS/CFT) correspondence [1] one may glimpse the answer for this quantum gravity problem from the view point of its dual CFT.
Recently, it was proposed in [2] to characterize distinguishability of the black hole microstates from its underlying thermal state by the Holevo information. One can call it in short the distinguishability of black hole microstates. The thermal state of the whole system is described by
with the orthonormal microstates |i satisfying i|i = δ ii . Note that 0 ≤ p i ≤ 1, i p i = 1. One would like to distinguish the microstates from the thermal state by performing measurements in a subsystem A, whose complement is denoted by B. The first step is to consider the relative entropy by comparing the reduced density matrix ρ A,i = tr B ρ i of each of the microstates with the reduced density matrix ρ A = tr B ρ of the corresponding thermal state, i.e., S(ρ A,i ρ A ) = tr(ρ A,i log ρ A,i ) − tr(ρ A,i log ρ A ).
This quantity is a well-defined divergence and characterizes the difference of the two reduced density matrices. The average relative entropy gives the Holevo information
with entanglement entropies (EEs) S A = −tr(ρ A log ρ A ), S A,i = −tr(ρ A,i log ρ A,i ). It is just difference of the thermal state EE and the average EE of the microstates. The Holevo information χ A is the upper bound of the mutual information between the thermal state and any measurement inside A, which is aiming to reproduce the thermal state and to characterize the accessible information. By construction
with S thermal being thermal entropy of the whole system
When χ A = 0, ρ A,i = ρ A so that the microstates are totally indistinguishable by measurements inside A. On the other hand, when χ A = S thermal , ρ A,i ρ A,i = 0 for arbitrary i, i and thus the microstates are completely distinguishable.
To investigate the information loss paradox of black hole in Einstein gravity in the AdS 3 background, i.e., the Bañados-Teitelboim-Zanelli (BTZ) black hole [3] , we calculate the Holevo information in a two-dimensional (2D) CFT. When the gravity is weakly coupled, the CFT has a large central charge [4] 
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with G N being the Newton constant and R being the AdS radius. The 1/c corrections on the CFT side correspond to quantum corrections on the gravity side. We consider a 2D large c CFT in thermal state on a cylinder with spatial period L. For an interval A with length , one can denote the Holevo information by χ( ). When χ( ) = 0, the microstates are totally indistinguishable by any measurement inside the length interval. On the other hand, when χ( ) = S(L), with S(L) being the thermal entropy of the whole system, the microstates are perfectly distinguishable. The Holevo information χ( ) is monotonically increasing with respect to . It is easy to see that
By using the holographic entanglement entropy (HEE) [5, 6] , it was recently found in [2] that the holographic Holevo information shows plateau behaviors around both → 0 and → L. It indicates that the microstates are totally indistinguishable until the interval reaches a nonvanishing critical length, and are perfectly distinguishable after the interval reaches another critical length that is shorter than length of the whole system. The HEE is only the classical gravity result, and it is expected that quantum corrections to the HEE [7] [8] [9] would resolve both plateaus of the holographic Holevo information. On the dual CFT side, these correspond to 1/c corrections. The problem has been addressed in [10] for the 2D CFT due to the zero mass BTZ black hole, and in this paper we continue to investigate this problem for a general 2D large c CFT. The cases we consider include the canonical ensemble thermal state with both high and low temperatures, as well as the microcanonical ensemble thermal state.
We find that the Holevo information is not vanishing as long as the region of measurement is non-vanishing, and this indicates that the black hole microstates are distinguishable from thermal state as long as the measuring region is non-vanishing. We also find the Holevo information is smaller than the thermal entropy as long as the interval is shorter than the whole system.
For calculation convenience we choose that the interval A is short, i.e., /L 1, thus its complement B has a length L − comparable to L. Then we have
Note that S A,i = S B,i . To get the short and long interval Holevo information χ A and χ B , we need to calculate the short and long interval EEs of thermal state, i.e., S A , S B , and the average of the short interval EE of the microstates, i.e., i p i S A,i . For the short interval, as in [11] [12] [13] [14] , we use the operator product expansion (OPE) of twist operators [7, [15] [16] [17] to calculate the short interval expansion of the EE. For the long interval, we can still use the OPE of twist operators [18] [19] [20] .
CANONICAL ENSEMBLE THERMAL STATE WITH HIGH TEMPERATURE
For a canonical ensemble thermal state we have
with β being the inverse temperature. We consider high temperature limit β/L 1 and omit the terms suppressed by the exponential factor e −2πL/β . The thermal entropy is
which is just the entropy of BTZ black hole. Using the HEE [5, 6] , one can get the holographic Holevo information [2] 
The holographic Holevo information χ holo ( ) with β 2π log 2 < < L − β 2π log 2 is unknown. The result is plotted in Fig. 1 . There are plateaus at both < β 2π log 2 and > L − β 2π log 2. We will resolve the plateaus in CFT.
We consider only contributions from the vacuum conformal family, and will briefly discuss the contributions from non-vacuum conformal families in the end of the paper. For the short interval A we have the EE [15] 
Though we do not calculate S A,i for all the pure states, using the results in [14, 21] we can get the average EE [22] 
Combining them, we obtain the short interval Holevo information
We find that to the order we consider it is vanishing in the thermodynamic limit [23, 24] , i.e., by taking L → ∞ but with β, fixed.
For the long interval B we have the EE [20] S B = c 3 log The function I(x) is the mutual information of two intervals on a complex plane with cross ratio x. The small x expansion of I(x) to order x 8 was calculated in [8, 25] and to order x 10 was calculated in [26, 27] . Combining with the fact S B,i = S A,i , we obtain the long interval Holevo information
Note that χ B − S(L) is non-vanishing in the thermodynamic limit. We denote the results (14) and (16) as the CFT Holevo information χ CFT ( ) and χ CFT (L− ), respectively. Note that they are only valid for β L. They are consistent with the holographic Holevo information χ holo (11) at the leading order of large c, while at the sub-leading orders we see the corrections. We plot them in Fig. 1 . We see that with 1/c corrections both the short and long interval plateaus are resolved.
The leading c of (13) is consistent with the result
which was got in [2] by assuming that the contributions from the primary excited states dominate the average. In fact, from the result in [28] , we can show that there are far more descendant states than primary states in high levels of a large c CFT [21] . It is intriguing to show explicitly why primary excited states dominate the average. Supposing (17) is valid as long as < L/2, one can get the Holevo information by Bao and Ooguri in [2] 
It is a combination of holographic and CFT results, and is the leading order c Holevo information. For comparison, we also plot χ BO in Fig. 1 .
CANONICAL ENSEMBLE THERMAL STATE WITH LOW TEMPERATURE
In low temperature, we have β L. The dual gravity background is the thermal AdS and the holographic thermal entropy is vanishing
In CFT, the above perfect indistinguishability can be lifted by taking into account the finite-size effect exponentially suppressed by the factor q = e −2πβ/L . Using the results in [20] and considering only the contributions from the holomorphic sector of the vacuum conformal family, for the short interval we get
and for the long interval we obtain
MICROCANONICAL ENSEMBLE THERMAL STATE
We now consider the microcanonical ensemble thermal state with fixed high energy E, with contributions from both the holomorphic and anti-holomorphic sectors. We have the thermal sate (1) with
At energy E the number of states Ω(E) is given by Cardy's formula [29] and it is an inverse Laplace transformation of canonical ensemble partition function Z(β).
Beyond the saddle point approximation of [29, 30] , it turns out that
with I ν being modified Bessel function of the first kind.
As the case of canonical ensemble thermal state with high temperature, we omit the exponentially suppressed terms of large E but keep the power suppressed terms. The Cardy's formula can be generalized to the cases of various multi-point correlation functions on a torus [28, [31] [32] [33] , i.e., in canonical ensemble thermal state. One can use the inverse Laplace transformation of the canonical ensemble average to obtain the corresponding microcanonical ensemble one. In this way, we can derive one-point functions, and thus the short interval EE, of microcanonical ensemble thermal state from the canonical ensemble one-point functions. Similarly, we can obtain the microcanonical ensemble average short interval EE from the corresponding canonical one. Combining the short interval EE and average EE, we obtain the Holevo information (25) with the definition λ := πcL 6E and I ν being the shorthand notation of I ν ( πcL 3λ ). For the long interval case, we use the OPE of twist operators in [18] [19] [20] to obtain the following result,
However, we cannot get the term of order 12 explicitly. It is possibly non-vanishing.
CONTRIBUTIONS FROM A NON-IDENTITY PRIMARY OPERATOR
Lastly, we consider the leading contribution to the Holevo information from a non-identity primary operator ψ with normalization α ψ , conformal weights (h ψ ,h ψ ). We have the scalding dimension ∆ ψ = h ψ +h ψ and spin s ψ = h ψ −h ψ . For a general thermal state with density matrix (1), we use the OPE of twist operators [7, [15] [16] [17] [18] [19] [20] and get the short and long interval Holevo information
These forms are general and can be applied to both canonical ensemble and microcanonical ensemble thermal states. The results however are not universal in the sense that they depend on the structure constants, so that we cannot evaluate their explicit forms without knowing the details of the theory.
DISCUSSION
For concluding the paper, we would like to mention the implication of the almost vanishing short interval Holevo information to our recent finding of non-geometric states in [34] . As shown in [34] some special descendant states are non-geometric, which indicates that they cannot be locally like thermal. The ensemble average for obtaining the Holevo information is over all states including those non-geometric descendant states. However, we see the resultant leading order c short interval Holevo information is still consistent with thermality. Using the results in [28] we can show there are far more descendant states than primary ones at high levels in a large c CFT [21] . This indicates that the contributions from the non-geometric descendant states are suppressed. It is intriguing to show this explicitly.
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Supplementary materials
Canonical ensemble thermal state with high temperature
With contributions from only the vacuum conformal family, the EE of one short interval in a general state ρ can be written as [14, 21] 
with the coefficients
Here T is the stress tensor, and A = (T T ) − 3 10 ∂ 2 T . The density matrix ρ can be either a thermal state, or any individual pure state, and in fact it can be any state that is translational invariant. We have included the contributions from both the holomorphic and anti-holomorphic sectors, and it is applied to the states in which the contributions from the holomorphic and anti-holomorphic sectors are the same. Otherwise, we can just write the holomorphic and anti-holomorphic contributions separately.
In high temperature limit we omit the exponentially suppressed terms and get
which are just one-point functions on a cylinder with infinite space and temporal period β. Using (28) and (30) we get the EE
which is consistent with the exact result (12).
To calculate the average EE, we first calculate the average products of one-point functions
It is easy to see that
We have also used
where r is an arbitral integer and X i can be either the one-point function of an operator or a product of the one-point functions. We also have
with X = T, A, Y = T, A. This follows from the fact that both T and A are KdV currents that commute with each other and we can choose the states |i as the common eigenstates of their zero modes. Explicitly, we derive (35) as follows. On a torus T with spatial period L and temporal period β there are two-point function
For bosonic X , Y, we require that s i − s i is an integer for i|X |i i |Y|i being non-vanishing. Then we get
For X , Y being operators in the vacuum conformal family, we require that |i and |i are in the same conformal family. The delta function δ s i si further requires that |i and |i are at the same level, and so only the zero modes of X , Y contribute to i|X |i i |Y|i . For X , Y being KdV currents, the states |i can be organized as the common eigenstates of their zero modes. Then we have |i = |i . Omitting the exponentially suppressed terms in high temperature limit, we have X (x)X (0) T = X (x)X (0) β . We finally arrive at (35).
By omitting the exponentially suppressed terms and by an analytical continuation, in evaluating (35) we use the integral
As consistency checks, we get the same (34) and (35). Using (28) and (32), we get the average EE (13)
and then the short interval Holevo information (14)
The mutual information of two intervals with cross ratio x on a complex plane can be organized by orders of large c as
The leading part of the mutual information is universal [7] I L (x) = 0 x < 1/2 c 3 log
8
The next-to-leading part of the mutual information satisfies I NL (x) = I NL (1 − x). We then get the long interval Holevo information (16)
Canonical ensemble thermal state with low temperature
For the canonical ensemble thermal state with low temperature, we only consider the contributions of the holomorphic vacuum conformal family. The CFT is on a torus T with spatial period L and temporal period β. In low temptation limit L β, and to get non-vanishing corrections to the Holevo information we have to include the exponentially suppressed terms by q = e − 2πβ L
1.
The holomorphic part of the partition function is
Similar to (34) , the average products of one-point functions for the stress tensor T can be written as
We get the results
from which we get the short interval EE
and average EE
Then we get the short interval Holevo information (21) .
The low temperature long interval EE has been calculated in [20] 
Noting the thermal entropy
we get the long interval Holevo information (22) .
Microcanonical ensemble thermal state
In (23) the density of states at fixed energy E is defined as
The energy E can be written in terms of the scaling dimension as E = 
Then one can use the inverse Laplace transformation to get the density of states
We omit the exponentially suppressed term by higher energy, or equivalently high temperature, and have Z(β) = e πcL 6β . Beyond the saddle point approximation in [29, 30] , the integral (54) leads to (24) .
As what have been done in [28, [31] [32] [33] , for other general canonical ensemble average in the form
we can also do an inverse Laplace transformation and get the microcanonical ensemble average
Note that O i can be any quantity defined for the pure state |i , e.g., a one-point function, a product of one-point functions, and the EE. For the case that the canonical average O(β) is a polynomial of β, we get the microcanonical average O(E) from O(β) by the substitute
It is convenient to define the effective length scale
and the substitute (57) becomes
In the following, we just use the shorthand notation I ν for I ν ( πcL 3λ ). Using the substitute (59), we can get the microcanonical ensemble one-point functions from the canonical ensemble ones
and then we get the short interval EE 
Note that the result is valid with the exponentially suppressed terms of high energy being omitted and the power suppressed terms being kept. From the average EE in high temperature canonical ensemble thermal state (39), we get the average EE in high energy microcanonical ensemble thermal state
Then we get the short interval Holevo information (25)
As a byproduct in the paper, we can show that the reduced density matrix of the high energy microcanonical ensemble thermal state ρ A,E equals the reduced density matrix of the high temperature canonical ensemble thermal state ρ A,β in the thermodynamic limit, or equivalently high temperature limit. The difference of the two reduced density matrices are power suppressed. We stress that this result does not depend on the large c limit and applies to any 2D CFT.
In the first step, we identify the energy expectation values of the two states, and so we have λ = β. To make it more concrete, in the following we will show that the EEs of the two states are the same up to power corrections
and the relative entropies of the two reduced density matrixes are also power suppressed
Using the modular transformation of one-point functions on a torus, one can calculate the average one-point function of a general quasiprimary operator X with scaling dimension ∆ X and spin s X in the microcanonical ensemble thermal state as [28] 
with Y being a quasiprimary operator with the lowest scaling dimension that satisfies Y|X |Y = 0. Note that
, and it is assumed that E Y < 0. In the derivation of (66) the saddle point approximation has been used and the power suppressed terms by large E has been omitted. As a consistency check of the normalization of (66), we can see that for the identity operator X = 1, we have Y = 1, and the right hand side of (66) is one.
When X is in a non-vacuum conformal family, we have E Y > − πc 6L and the one point function X E is exponentially suppressed, and thus can be omitted. When X is in the vacuum conformal family, Y is the identity operator, or in other words the state |Y = Y(0)|0 is the ground sate |0 . For this case, with loss of generality we choose X to be holomorphic, and so ∆ X = s X = h X is an integer. Noting that 0|X |0 = X L , E 0 = − πc 6L , E = πcL 6λ 2 , we use (66) and get
For the high temperature canonical ensemble thermal state, we also omit the exponentially suppressed terms.
When X is in a non-vacuum conformal family we have X β = 0. When X is in the holomorphic vacuum conformal family, we have
Since we have identified λ = β, we get that for all quasiprimary operators
The equivalence (69) is exact under the thermodynamic limit in [23, 24] , i.e., E → ∞ and L → ∞ with E/L being finite. The equality of the two reduced density matrices are expected to be valid for general , λ = β as long as the thermodynamic limit is taken
Using OPE of twist operators, one can write the EE and relative entropy as sums of products of one-point functions, and the coefficients of the products are universal and do not depend on parameters of the state [14] . Then we use (69) and get the relations (64), (65).
It is interesting to compare directly the high energy microcanonical ensemble thermal state EE S A,E (61), in which the exponentially suppressed terms are omitted and but the power suppressed terms are kept, and the high temperature canonical ensemble thermal state EE S A,β = c 3 log( β π sinh π β ), in which the exponentially suppressed terms are omitted and there are no power suppressed terms. We plot them in Fig. 2 , and their difference in Fig. 3 . We can see the EEs of the two states are very close as long as < β, and the large difference at > β can be attributed to the breaking down of the short interval expansion in (61). To get the long interval Holevo information, we need to calculate the long interval EE in the microcanonical ensemble thermal state. The relevant states |i are at the same energy and are the common eigenstates of the zero modes of T and A, but they are not necessarily the eigenstates of the zero modes of level six quasiprimary operators B and D, whose definitions can be found in [17, 25] . We use the OPE of twist operators for a long interval [18] [19] [20] and get the partition function
The conformal weight of the twist operators is h σ = c(n 2 −1) 24n [15] . There are contributions from both the holomorphic and anti-holomorphic sectors of the vacuum conformal family. We have restricted the sum to the states of the fixed energy E, and Ω is the total number of such states Ω = i 1. The coefficients b X1···X k are defined from the OPE coefficients d j1···j k X1···X k of the quasiprimary operators X j1 1 · · · X j k k in the n-fold CFT [11] , and their explicit forms are not important to us. We have also used the results in [21] and omitted some order (n − 1) 2 terms in (70) in the n → 1 limit. The omitted terms are relevant to the Rényi entropy but are irrelevant to the EE. Then the long interval EE can be written as
with the coefficients [21] a BB = − 25 123552c(70c + 29)
,
a DD = − 70c + 29 18018c(2c − 1)(5c + 22)(7c + 68) .
We note that the thermal entropy is S(L) = log Ω and get the long interval Holevo information (26) . Unfortunately, we do not know how to calculate i =i i|B|i i |B|i or i =i i|D|i i |D|i , and so we cannot evaluate the order 12 part of the long interval Holevo information.
Contributions from a non-identity primary operator
Similar to what we have done for the contributions to the Holevo information from the vacuum conformal family, we can use the OPE of twist operators [7, [15] [16] [17] [18] [19] [20] , and get the leading contributions from a non-identity primary operator ψ (27) .
For the canonical ensemble thermal state in the high temperature limit, we can further write the results with the exponentially suppressed terms omitted as + o( 2∆ ψ ).
For the canonical ensemble thermal state in the low temperature limit, we get
Here ψ is the primary operator with least conformal dimension that satisfies ψ |ψ|ψ = 0. Note also that
For the microcanonical ensemble thermal state, we get 
These results are not universal, and we cannot evaluate them without knowing details of the CFT.
